(Received for publication March 26, 1947) It is well established that increased intra-abdominal pressure alters renal function. In experimental animals, distention of the abdominal cavity under pressures greater than 15 mm. of mercury usually reduces urine flow and, under pressures greater than 30 mm., stops urine flow altogether (1) . In man, a tense accumulation of ascitic fluid may be associated with oliguria and the retention of water and salt, which disappear following paracentesis (1) . In one respect, increased intra-abdominal pressure seems to improve the function of the kidney, for the urine may become highly concentrated during the period of oliguria. This effect has found practical application in the hands of radiologists (2, 3) , who use abdominal compression during intravenous pyelography to assure maximum density of the contrast media excreted by the kidneys.
Until the present there has been no satisfactory explanation for these alterations in renal function during abdominal pressurization. It has been suggested that they are due to partial urinary obstruction (3) , but the radiologic evidence is against this explanation (4) . Urine flow may be increased by diuretics during the application of pressure in experimental animals, indicating the absence of obstruction. Thorington and Schmidt (1) have called attention to the possibility that the associated increased renal venous pressure may interfere with normal blood flow through the kidney and disturb renal function.
Recently, abdominal compression has been used as a means of protecting airmen against the illeffects of centrifugal force (positive G) (5) . It was assumed that pressurization prevents the pooling of venous blood in the abdominal veins and sustains the return of blood to the heart. The present study, undertaken primarily to determine whether such procedures have detrimental effects on the abdominal organs (6) , revealed that the diversion of arterial blood from large visceral circuits to more vital regions, such as the brain, is also an important factor.
METHODS
The clearance and saturation methods devised by Smith and his coworkers (7 to 9) were used to evaluate renal hemodynamics and tubular activity during abdominal compression in 17 normal human subjects, ranging in age from 17 to 50, almost equally divided as to sex, and clinically free of cardiovascular and renal disease. The effective renal plasma flow was measured by the diodrast or p-aminohippurate (PAH) clearances; and the glomerular filtration rate, by the mannitol or inulin clearances. 2 The maximal rate of tubular glucose reabsorption (glucose Tm) and the maximal tubular diodrast excretory rate (diodrast Tm) were determined to estimate tubular function and to assess the distribution of filtrate and perfusate to tubular tissue.
The pressure within the abdomen was increased by inflating a rubber bladder with air under pressure, beneath a girdle tightly applied to the abdomen. The bladder, sewn into a pocket in the girdle, covered the anterior abdominal wall. Pressures between 70 and 80 mm. Hg were applied during the determination of clearance and Tm values. These pressures were usually endured by the subject without complaint. Occasionally, however, slightly lower pressures were required or the period of application was shortened because of discomfort and respiratory difficulty. Among the subjects of the -studies reported here, only very slight changes in blood pressure were observed during pressurization.
All subjects were examined in the basal fasting state Diodrast, PAH, mannitol, and inulin were determined in cadmium filtrates of plasma (10) and in dilute samples of urine, using methods described by Goldring and Chasis (8) . Glucose was determined by the NelsonSomogyi method (11) in cadmium filtrates of plasma and diluted urine. Clearance and Tm values were calculated by the procedures of Smith (7, 8) .
In ples of blood were obtained simultaneously from the right renal vein and from a peripheral vein in the arm opposite to that in which the infusion was administered. The extraction percentage was calculated by dividing the difference between the concentration of PAH in the peripheral and renal venous blood by its concentration in the peripheral blood. This value, the percentage of PAH removed from each milliliter of blood as it traverses the kidney, was determined before, during, and following application of abdominal pressure.
RESULTS
A. Alterations in renal blood flow and glomerular filtration during abdominal compression 1. Intra-abdominal pressure and renal venous pressure When the rubber bladder of the abdominal pressure cuff was inflated with air at pressures between 70 and 80 mm. Hg, it was found that intraabdominal pressure measured at various locations within the abdomen averaged 20 mm. Hg, within a very small range. This value was determined with a saline or Hamilton manometer in the stomach, duodenum, and rectum by means of the MillerAbbott tube (6) , and in the bladder and renal pelvis by catheters. Such a uniform elevation of pressure throughout the confines of the abdomen provided evidence in support of the view that the abdomen and its contents could be considered as relatively non-compressible and fluid in character, behaving in accordance with Pascal's law. The difference in pressure between the cuff and the peritoneal cavity probably resulted from thee resistance to compression by the abdominal wall and from the resistance to extension of pressure by the diaphragm.
The pressure in the cuff represented, therefore, the average force exerted upon the anterior abdominal wall, and did not necessarily reflect the pressure within the abdominal cavity. As a matter of fact, the intra-abdominal pressure varied considerably depending upon the state of contraction of the abdominal musculature. Thus, the average figure of 20 mm. Hg was typical of complete relaxation, whereas pressures as high as 176 mm. Hg (Table I) were recorded from the renal vein during a strong "bearing down" contraction of abdominal muscles. Contrariwise, increased rigidity of the abdominal wall, in pushing away the inflated bladder, blocked altogether the transmission of (14) . Hence, the head of pressure at the beginning of the renal circuit probably did not rise during compression while the venous pressure increased 3-to 4-fold. Such a change in the gradient of pressure along the renal vascular tree might be expected to result in a reduction of renal blood flow. This expectation was borne out by clearance studies.
2. The effective renal blood flow Figure 1 illustrates the renal hemodynamic response to abdominal compression. In this subject (J. S.), the effective renal plasma flow (sodium p-aminohippurate clearance, CpAH) remained relatively unchanged during the control periods, but fell strikingly from an average of 827 ml. per minute to 270 ml. per minute during pres- (CIN) were determined during the application of 80 mm. Hg pressure to the abdominal wall. The filtration fraction (FF), the percentage of plasma filtered (CIN/CPAH), remained unchanged throughout. During compression the concentration ratio of inulin (U/P) increased and continued to rise after the pressure was released. Urine flow (V) (ml. per min.) fell markedly. Arrows at the top of the chart indicate the time of urine collection.
surization. There was a rapid return to the control level following the release of pressure.
Likewise, in 7 of the 8 subjects (Table II) in which it was determined, the effective renal plasma flow was reduced, although the average reduction was not so large in the other subjects as in J. S. In several individuals, during 1 or more periods immediately after the application of the abdominal cuff, the reduction in effective renal plasma flow was as large as that seen in J. S., but these changes are minimized in the calculation of the average figure by the inclusion of periods in which evidence of circulatory readjustment was observed.
In these subjects, where the time of observation was sufficiently prolonged (more than 30 minutes of compression), the effective renal plasma flow and other renal functions (4 of 10 studies) showed a return toward the control values despite continued compression. Nevertheless, when all the figures were averaged disregarding this fact and including J. Q., in whom abdominal compression produced no change (possibly because of abdominal muscular resistance), it was found that effective renal plasma flow was reduced from 673 ml. per minute to 509 ml. per minute, an average reduction of 24.4 per cent.
It is noteworthy that renal hyperemia did not occur following the period of compressional ischemia. Occasionally very short urine periods collected immediately after release of pressure yielded high clearance values. These anomalous values may be attributed to a relatively larger contribution of dead-space urine to the total. Usually, however, high clearance values during recovery were absent. Indeed, the averaged figures of Table II reveal that effective renal plasma flow during recovery tended to be lower than during the control period. The absence of reactive hyperemia in the kidney observed during this study is in agreement with a large body of evidence obtained by others in the study of the renal circulation in man and other mammals (15, 16) .
Proteinuria. It has been repeatedly demonstrated that a reduction of renal blood flow fol-. lowing obstruction to renal venous drainage is associated with the appearance of proteinuria (17) . With abdominal pressure also, it was found that protein appeared in the urine in variable amounts. In 1 subject who had no history of previous renal disease and who was in good health, a 2 + proteinuria developed during the application of the abdominal cuff. On most occasions, however, the proteinuria was not striking, although it occurred regularly.
Validity of the method of renal blood flow measurement. It is possible that these changes in clearance values were caused by errors inherent in the method of measurement.rather than by alterations of renal plasma flow. If pressure reduced the capacity of renal tubular cells to remove PAH from the blood, the clearance value would fall because of incomplete clearance of PAH. Or, if blood were shunted away from tubular tissue into the veins so that an opportunity for complete clearance were lacking, the clearance value might be decreased despite an absence of change (or even an increase) in blood flow.
The determination of renal PAH extraction, using the catheterization technique, provided the answer to this problem. The data summarized in Table III sure. In addition, the possibility that arteriovenous shunting occurs during increased pressure is excluded by this evidence. Storage of PAH or diodrast during compression by nephrons that continue to be capable of excretory activity although unable to contribute to urine formation, might also introduce an error in the clearance determination that would elude detection in the measurement of the extraction ratio. However, this phenomenon would necessarily result in falsely high clearance values during recovery as a result of storage wash-out, and the relationship between calculated filtration rate and effective renal plasma flow would be thus altered artificially. This effect was never observed.
It appears that the clearance technique may be used with confidence under these conditions for the measurement of effective renal plasma flow, since extraction of PAH was not altered and storage probably did not occur.
Glomerular filtration rate and filtration fraction
The glomerular filtration rate was nearly always greatly reduced. Among the group collated in Table II , filtration fell to 88.4 ml. per minute (on the average) from the control level of 117.2 ml. per minute, a 27.5 per cent decrease. This observation was repeatedly confirmed in other studies, in which renal plasma flow was not measured (see Table IV ). Of particular significance is the fact that glomerular filtration was reduced to the same extent as the effective renal plasma flow. This equal percentile reduction was not a statistical accident but was observed whenever renal plasma flow decreased, as in Figure 1 . Consequently, the ratio between filtration and plasma flow, the filtra- Figure 1 and Table II (Table IV) even in the presence of diuresis during the control period. The reduction in filtration rate had little influence in producing this effect per se, since the urinary concentration usually increased markedly, indicating the operation of increased tubular water reabsorption as the cause of the oliguria.
In Table IV , the maximal concentration change is presented in terms of mannitol or inulin urine: plasma concentration ratios denoting the extent to which these substances are concentrated in the tubular urine by the active reabsorption of water. There was no evidence favoring the possibility that ureteral obstruction by the compressing abdominal cuff might account for the oliguria. Following release of the cuff, the urine flow continued to be depressed in most instances. A sudden increase of urine flow following pressure release, due to the outflow of impounded urine, was never observed. Moreover, the change in clearance values and urine flow was observed on 2 occasions when the ureters were catheterized and pressure applied to the abdominal wall.
Tubular transfer maxima (Tm)
The maximal tubular reabsorption of glucose and the maximal tubular excretion of diodrast were reduced by abdominal compression (Tables  V and VI) . Glucose Tm was measured in 5 subjects. In 2 (J. Q. and M. E.), the Tm value was not significantly reduced, possibly because of reduced pressure transmission. In the remaining subjects, glucose Tm fell strikingly from 35 to 24.5 per cent on the average. Greater falls during individual periods are masked by the inclusion in the average value of periods in which readjustment had taken place. Among the subjects in whom diodrast Tm was determined, significant average reductions were noted on every occasion during compression. During the recovery phase, the Tm values returned to the control level and, on several occasions, somewhat above it, possibly as a result of dead-space error. It will be noted that the reduction ranged between 39 and 23.4 per cent. In all subjects, exclusive of those in whom no significant change was observed, the average reduction of glucose and diodrast Tm was of the same order of magnitude as the average reduction of effective renal plasma flow and glomerular filtration.
When the relation between filtration rate and the simultaneously determined Tm value was examined, it was found that the maximal tubular transfer of either glucose or diodrast varied more or less directly with the filtration. Figures 2 and 3 illustrate this relationship. It can be seen that the ratio between Tm and filtration rate remained relatively constant throughout. Table V reveals that this ratio did not change significantly on the average in the case of maximal tubular glucose reabsorption. In 2 of the 5 subjects in whom diodrast Tm was measured, however (Table VI) , there was a significant depression of the ratio (L. R. and M. P.). In these instances the inclusion of high values observed in the control period and the possible operation of intra-renal vasoconstriction may have been responsible for the alteration. On the whole, it appeared that the maximal rate of tubular transfer of glucose and diodrast was reduced by abdominal compression to about the same extent as the glomerular filtration rate and effective renal plasma flow.
Validity of the methods of the measurement. The observed reduction in maximal tubular transfer capacity could be ascribed to inadequate loading of the intracellular mechanisms by glucose or (8) to assure adequate saturation. In every instance the load to Tm ratio for glucose was greater than 1.2 (Table V) . On 2 occasions (M. S. and L.-R.), the diodrast load fell below the prescribed limit (Table VI) . Considering the fact that the decrements in diodrast Tm in per ml.) times the filtration rate (ml. per min. The relationships between the Tm values and the glomerular filtration rate measured by the mannitol clearance (Cm) remained constant. Urine flow (V) decreased, but returned toward the control level following the termination of the period of pressure.
these cases during pressure were of the same magnitude as those where the calculated loads were sufficiently high, it is possible that the calculated loads were erroneous. The calculation of diodrast load requires an estimation of the renal plasma flow on the basis of the filtration rate, assuming a normal filtration fraction of 20 per cent. It is not unlikely that this assumption was in error in these instances and that the actual plasma flow was much greater. In any case, it is evident that inadequate loading cannot be the cause of the reduction in tubular activity during increased intra-abdominal pressure in most of these studies. b. focal loading. Despite the demonstration that adequate loading did not prevent the fall in Tm observed during pressure, it might be argued that these figures, referable to the kidney as a whole, may fail to reveal focal inadequacies. This argument may be visualized and examined as follows.
For the purposes of discussion, the kidney may be divided into 4 concentric zones (Table VII) throughout each of which blood flow and filtration are regularly distributed, although great differences may exist between zones.6 It may be further assumed that the effect of compression is different in each zone (as the result of a gradient of pressure, for example, so that the compressional force is greater at the periphery than at the center), but that the effect in each zone is constant and regular throughout the entire region. During the control period, prior to compression, the over-all glomerular filtration rate, blood flow and transfer maxima of glucose and diodrast are equally divided among all the zones. The over-all glomerular filtration rate may be taken as 120 ml. per minute, the renal plasma flow as 500 ml. per minute, glucose Tm, 400 mgm. per minute, and diodrast Tm, 52 mgm. per minute, while the glucose and diodrast plasma levels are maintained at 600 mgm. per cent and 30 mgm. per cent, respectively. With the application of a compressional force, the plasma flow and filtration rate may be assumed to undergo reductions of 80, 50, 10, and 0 per cent in zones I to IV, respectively. The data tabulated in Table  VII reveal that the percentile reductions in overall Tm thus produced do not equal the percentile reductions in plasma flow and filtration rate, and the reductions in diodrast and glucose Tm are not equivalent. The discrepancy in Tm values could be expected to vary greatly, depending upon the relative loading of the 2 tubular mechanisms. Therefore, it appears that the changes in tubular function observed during abdominal compression cannot be ascribed to focal ischemia due either to focal vasoconstrictive activity or to the operation of a gradient of pressure across the kidney.
DISCUSSION
It has been found that abdominal compression increases the pressure equally throughout the abdominal cavity and in doing so produces striking renal functional changes. Renal plasma flow and glomerular filtration are almost always reduced, together with the tubular activities of maximal glucose reabsorption and maximal diodrast excretion.
Is It is obvious that the kidney may be further subdivided until each zone refers to a single nephron. Hence, what is said here with reference to 4 arbitrary and regularly placed renal zones would apply with equal force to discrete units distributed irregularly through the kidney.
All these functions are reduced to the same degree. Water reabsorption, on the other hand, is always enhanced, the urine flow decreases, and the urine becomes more concentrated.
Every effort was made to eliminate experimental error. Determinations of the renal extraction of sodium p-aminohippurate have validated the use of the clearance technique in measuring the changes of renal blood flow. Arteriovenous shunting has been definitely ruled out by this method. Likewise, the alterations in glucose and diodrast Tm may be accepted as indicative of changes in tubular function, since it appears that inadequate loading or focal ischemia may be excluded as possible misleading factors.
On the basis of the averaged data, it seems likely that the increase of venous pressure during abdominal compression is usually sufficient to account for the reduction of renal plasma flow. Excluding J. S. and J. Q. (Table II) from consideration, the averaged figures may be used in calculating the reduction to be expected on the basis of an increment of venous pressure alone." If the pressure gradient across the renal circuit is assumed to change from 85 mm. Hg to 70 mm. Hg during compression as a result of an increase of renal venous pressure from 5 mm. Hg to 20 mm. Hg (the mean renal arterial pressure remaining constant at 90 mm. Hg), and, if the renal resistance does not change, the average renal plasma flow of 621 ml. per minute would fall to 512 ml. per minute. Actually, it was observed to fall to 488 ml. per minute, a somewhat greater decrease, which would require a venous pressure increment of 18 mm. Hg. It can be seen that the elevation of venous pressure alone is approximately sufficient to account for the observed change.
The reduction of renal plasma flow was much greater than average immediately following the application of pressure in many subjects and 7 In any vascular bed of constant resistance, the relation of blood or plasma flow to the loss of pressure from the beginning to the end of the circuit remains constant. This relationship may be expressed as follows, where F is the initial renal plasma flow; P, the initial difference in renal arterial and renal venous pressures; F' and P', these values when the pressure difference has been altered as with an increment of venous pressure:
F'IP'= F/P and F' = P'F/P throughout the entire study in J. S. Although these facts may indicate the operation of vasoconstriction, it is not at all unlikely that venous pressure, in these instances, was higher than average as a result of compressional contraction of the abdominal musculature. The intra-abdominal pressure may be raised as high as the arterial pressure by this maneuver. On the other hand, muscular contraction may lower intra-abdominal pressure by thrusting away the pressure girdle, and it is possible that the adjustment to compression noted in some instances, where renal function gradually improved, may have arisen from this factor rather than from the release of vasoconstriction.
Although the increase in renal venous pressure seems to provide an adequate cause for the reduction in renal blood flow, it is at first difficult to account for the other changes in renal function on this basis. Certainly one might expect a change in filtration fraction similar to that attributed to efferent arteriolar vasoconstriction (18) , since the elevation of the pressure gradient in the renal vascular bed should increase effective filtration pressure and the filtration rate should remain relatively constant despite the reduction in blood flow. Since an increment of venous pressure is equally effective in all parts of the renal vascular bed, there is no reason to expect a fall in diodrast and glucose. Tm. The fall in these values indicates the cessation of function in a number of nephrons and glomeruli proportional to the decrement in Tm (19) .
The closure of afferent arterioles would produce changes in renal function similar to those observed. In obstructing blood flow, arteriolar closure would halt filtration in the glomerulus and, in consequence, abolish glucose reabsorption and diodrast excretion in the nephron dependent upon it. Although the tubule might remain in a normal state, it is obvious that glucose would no longer be brought to it for removal and that excreted diodrast would not be washed into the renal pelvis. Hence, the nephron would cease to contribute to Tm and the values for it would be reduced. In the remainder of the kidney, renal blood flow and glomerular filtration rate must continue undisturbed, since the filtration fraction and the relation between the clearance values' and Tm are not altered by compression. Thus, afferent arterioles would be required to close completely or remain unconstricted. While this hypothesis satisfactorily accounts for many of the changes in renal function, it fails to consider the implications of the elevation of venous pressure.
It has been pointed out above that the increase in venous pressure is probably sufficient to account for the observed reduction in renal blood flow, but, under the conditions of afferent arteriolar constriction, it would be necessary to assume that increased resistance to flow is entirely responsible and that the venous pressure increment is without effect. It must be admitted, however, that diminished resistance in the remainder of the renal vascular bed is necessary to offset the rise in venous pressure. If such a vasodilation occurred in the efferent arterioles it is possible that blood flow and filtration rate might maintain a constant relationship to one another and to the Tm values as observed. However, it seems extremely unlikely that both vasoconstriction and vasodilation occur simultaneously in the kidney. An This hypothesis has the advantage of providing a simple explanation for all the changes observed in this study. Vasoconstriction would be unnecessary, the fall in blood flow being entirely accounted for by the increment in renal venous pressure. The demonstration by others (18) that the filtration rate in man tends to remain unchanged is supported by the finding that it does not change in the residual active glomeruli. Such reduction of filtration rate and Tm values as occurs is entirely attributable to the blockage of flow from "low-pressure" nephrons by the elevated pelvic pressure. It should be noted that equal elevations in renal venous pressure and pelvic pressure produce equal percentile changes in renal blood flow and in the mass of functioning tubular tissue, respectively, according to this hypothesis. The implications of such a relationship are not clear and are under further investigation.
Increased intrapelvic and intratubular pressure may be instrumental in raising the urinary concentration by stimulating the mechanisms of water transfer to greater activity. However, the psychic and physical stimulus of compression should provoke the release of antidiuretic hormone by the pituitary, since less severe stimuli have been found to have this action (20) . In 1 subject with documented diabetes insipidus presenting marked diuresis as a result of withdrawal of pitressin, abdominal compression caused oliguria.
The pathological renal physiology of increased intra-abdominal pressure has been clarified by this study. Under the conditions imposed, retention of water and probably of salt occurs in spite of the presence of factors conducive to diuresis. The reduction of glomerular filtration rate and oliguria, if maintained for any length of time, would certainly prevent the normal excretion of urea, and azotemia would develop.
For the short period of time during which positive G is experienced by airmen, abdominal compression sustains the cardiac output by the expression of blood into the thorax from the abdomen and by minimizing the gravitational effects upon the flow of blood from the inferior venous chamber into the superior chamber. The simultaneous reduction of arterial blood flow into the splanchnic bed also results in the diversion of a greater proportion of the cardiac output to the brain. It is likely that prolonged application of increased intra-abdominal pressure may be detrimental because the cardiac output is ultimately reduced by about the same extent as the blood flow through the kidneys and liver (21, 22) . Hypotension and faintness were observed on several occasions during the course of this study in subjects not reported herein.
SUMMARY
The effective renal plasma flow, glomerular filtration rate, and tubular function have been measured in 17 normal human subjects by the clearance and saturation techniques during the application of a pneumatic abdominal girdle under pressure. Measurement of the venous pressure in the inferior vena cava and renal vein following venous catheterization revealed that the compressional pressure of 80 mm. Hg used in this study raised intra-abdominal venous pressure -to about 20 mm. Hg.
The effective renal plasma flow and glomerular filtration rate were always reduced by increased intra-abdominal pressure, on the average of 24.4 per cent and 27.5 per cent, respectively. The filtration fraction, or the percentage of the plasma flow filtered at the glomerulus, showed no significant change.
It was found that the elevation of renal venous pressure was probably sufficient to account for the reduction of renal plasma flow.
The extraction of sodium p-aminohippurate by the kidney was not altered, indicating the validity of the clearance method for measuring renal plasma flow under these conditions and demonstrating the absence of arteriovenous shunting.
Maximal tubular diodrast excretion (diodrast Tm) was reduced significantly in all 5 subjects, while maximal tubular glucose reabsorption (glucose Tm) fell significantly in 3. The percentile decrease in both values was equal to that in effective renal plasma flow and glomerular filtration rate.
It appears that this phenomenon cannot be attributed to inadequate loading of tubular transfer mechanisms, as a result of either diffuse or focal ischemia.
The theoretical implications of these findings are discussed.
